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Dissociation of embryonic kidneys followed by
reaggregation allows the formation of renal tissues
Mathieu Unbekandt1 and Jamie A. Davies1
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Here we describe a novel method in which embryonic
kidneys are dissociated into single-cell suspensions and then
reaggregated to form organotypic renal structures. Kidney
cell reaggregates were transiently cultured with small-
molecule Rho kinase inhibitors, which caused ureteric
bud structures to form and induced formation of nephrons.
These structures displayed normal morphology, expressed
appropriate differentiation markers, and were connected at
their distal ends to the ureteric buds, thus forming artificial
tissues very similar to those found in normal embryonic
kidneys. Using this culture method, it was straightforward to
make fine-grained chimeras by mixing different cell types or
by mixing cells transfected with different constructs before
reaggregation. Chimeric renal cultures were formed using
mixtures of unmarked normal host embryonic kidney cells
and CellTracker-marked WT1 siRNA-carrying cells to test
the hypothesis that WT1 is important to a cell’s ability to
contribute to nephron formation. We found a significant
reduction in the ability of WT1 knockdown cells to contribute
to nephron formation. This dissociation and reaggregation
procedure can also be applied to embryonic lungs and to
form coarse-grained hybrid tissues from mixtures of lung and
kidney cells. Overall, our protocol allows very simple mixing
of cells from different sources or cells subjected to different
pretreatments to make fine-grained, highly dispersed
chimera tissues.
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Culture of intact mouse embryonic kidney rudiments is a key
technique in the study of renal development.1–5 The system
shows excellent organotypic morphogenesis but nevertheless
has some technical limitations. In particular, the compact
and well-organized nature of the tissue makes the introduc-
tion of exogenous cells into the system difficult and their
widespread dispersal to make fine-grained chimeras virtually
impossible, because mechanically introduced cells tend to
remain in clumps. This is a serious limitation for experiments
that seek to use mosaic organs to test the cell autonomy of
mutations and knockdowns, or to test the ability of stem or
other cells to contribute to different structures in the organ.
Even the introduction of macromolecules, such as plasmids
and small-interfering RNAs (siRNAs), has serious problems
of penetration except in the outermost cells of the rudiment.6
Here we describe a novel method in which embryonic
kidneys are dissociated into single-cell suspension and then
reaggregated to form typical renal structures, including
developing nephrons and collecting ducts. The method
differs from the mesenchyme reaggregation method des-
cribed by Auerbach and Grobstein7 50 years ago because it
requires no exogenous tissues, such as spinal cord, for renal
development to take place but instead uses only tissues
endogenous to the embryonic kidney. It also differs in that
one already formed epithelial tissue, the ureteric bud,
re-forms whereas in the Grobstein and Auerbach system,
reaggregation takes place before any epithelia exist (nephron
epithelia later form, as normal, from mesenchyme). The
unusual step of temporary pharmacological inhibition of
Rho kinase activity is a key innovation of the new technique
we describe here, and it dramatically improves the (re)-
formation of renal structures.
By including a stage in which cells are in single-cell
suspension, the protocol allows very simple mixing of cells
from different sources, or cells that have been subjected to
different treatments, to make fine-grained, highly dispersed
chimeric tissues. This allows, for example, the developmental
potential of cells subject to different treatments to be assessed
and also for the cell autonomy of mutations to be tested. We
show this by using the technique to test the hypothesis that
the transcription factor WT1 is important for cells to have
the potential to contribute to the nephron compartment of
kidneys. It is already known that siRNA-mediated knock-
down of WT1 in conventional organ culture reduces the
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number of nephrons produced8 but it is not clear whether
this is a cell-autonomous or a global effect. Here, having
shown that siRNA-mediated knockdown of WT1 globally in
our culture system essentially mimics these reported results,
we go on to make fine-grained chimeras by mixing labeled,
WT1 knockdown cells with normal cells. In these chimeras,
nephrons still form but the WT1 knockdown cells show a
significantly reduced ability to contribute to them, so that
the nephrons consist almost exclusively of normal cells. The
WT1 knockdown cells do still contribute to other compart-
ments of the kidney. This supports the hypothesis that WT1
is important to the ability of an individual cell to contribute
to a nephron; that is, that it acts cell autonomously.
We also show that the basic dissociation and reaggregation
technique, supported by inhibition of ROCK, can be applied
to other organs such as lung, and that it even supports the
formation of chimeric ‘tissues’ composed of kidney- and
lung-derived cells.
RESULTS
Aggregation of embryonic kidney cells without pharmacological
intervention allows formation of epithelial structures
but is limited by widespread cell death
We set out to develop a method by which embryonic kidney
tissue could be constructed from a suspension of individual
cells, so that fine-grained chimeras could be produced easily
and reliably. E11.5 embryonic mouse kidneys were dis-
sociated enzymatically into single cells and these were then
reaggregated by gentle centrifugation. The aggregate was then
cultured on a filter exactly as an intact E11.5 kidney would
normally be cultured. The complete method is summarized
in Figure 1a. The dissociation technique used resulted in a
single-cell suspension of well-separated embryonic kidney
cells (Figure 1b and e). Just after centrifugation, the reag-
gregates consisted of a well-dispersed mix of mesenchymal
(calbindin and E-cadherin negative) and epithelial (calbindin
and E-cadherin positive) cells with no evidence of clustering
of similar cells at this stage (Figure 1c, d, f, and g).
The pellets were cultured for 4 days in kidney culture
medium (KCM: minimum essential medium (MEM)þ 10%
fetal calf serum (Biosera, Ringmer, UK)þ 1% penicillin/
streptomycin (Sigma, Gillingham, UK)). Under these condi-
tions, many cells were lost during culture (Figure 2a–e); we
suspect (but have not formally shown) that this is due to
anoikis caused by the absence of survival signals that would
normally be provided by cell–cell and cell–matrix contacts in
an intact tissue environment.9 Some epithelial structures,
identified as such by their staining for cytokeratin and their
laminin-rich basal membrane, were formed (Figure 2k and l).
The average cell viability, assessed by Trypan blue staining
directly after enzymatic dissociation, and before any culture
period had elapsed, was 92%: this suggests that the enzymatic
treatment was not itself responsible for poor cell survival. To
confirm this, we dissociated embryonic kidneys mechanically
instead of enzymatically but still observed the loss of cells at a
large scale during subsequent culture (Figure 2k), proving that
the loss of cells was not linked to the enzymatic treatment but
rather to being cultured when separated. This tendency of
embryonic kidney cells to die unless they are provided with
appropriate tissue-derived signals has been noted earlier.10 In
this form, the disaggregation and culture system was therefore
not considered efficient enough to be useful.
ROCK inhibition improves reaggregated kidney cell survival
and leads to the formation of renal structures
When embryonic kidney cell aggregates were cultured in
KCM supplemented with 10 mmol/l H1152, an inhibitor of
ROCK,11 the loss of cells seen in Figure 2a–e was much
reduced. After 3 days of culture, twice as much genomic DNA
could be obtained from pellets cultured with ROCK inhibitor
than from the pellets of the same initial number of cells
cultured in plain KCM. Furthermore, a large number of
epithelial structures formed in the cultures (Figure 2f–j).
Almost all of these epithelia expressed calbindinD28K, a
marker for ureteric bud epithelial cells,4 and they also
possessed a clearly defined, laminin-rich basement mem-
brane (Figure 2m; also seen at higher power in Figure 2q
and r). Some of them also branched (Figure 2r). All of these
characteristics suggested that they consisted of ureteric bud,
formed by reaggregation of existing ureteric bud cells from
the original E11.5 kidneys. When cell pellets were cultured in
KCM supplemented with an alternative commercial ROCK
inhibitor, Glycyl-H1152 dihydrochloride, a similar result was
observed (Figure 2n). Because Y27632 and Glycyl-H1152 are
different structurally,11–13 the similar result strongly suggests
that their effect is based on their common ability to inhibit
ROCK rather than any unknown side effect.
The epithelia formed in these ROCK-inhibited cultures
continued to develop with increasing time of culture (Figure
2o–r). After 1 day, only a few epithelial cysts were visible.
Subsequently, more and more epithelial structures appeared
and many grew much larger and showed extensive branching
by 4 days (Figure 2r). A time-lapse movie showing the steady
increase in number and complexity of these epithelia is
available in the Supplementary Information (Supplementary
Movie 1). ROCK inhibition therefore enhances embryonic
kidney cell survival and leads to the formation of ureteric bud
epithelial structures that show typical protein expression and
branching. Missing from these cultures, however, was much
evidence of the formation of nephrons. This might be
expected, as ROCK activity is required for formation of
nephrons in normal organ culture (Lindstro¨m et al., in
preparation).
ROCK inhibition for only the first 24 h of culture leads to
nephron formation
A kidney reaggregation system that failed to produce
nephrons would be of only very limited application as a
model for normal renal development because the nephrons
are an important part of a normal kidney. We therefore
altered our system to permit nephron formation as well as
formation of ureteric buds. We reasoned that by the time
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ureteric bud cells had formed small epithelia complete with
basement membranes, the reaggregated ‘tissue’ (bud epithelia
and surrounding mesenchyme cells) might be complete
enough to support its own survival without the support of
pharmacological help. This morphological stage was reached
at around 24 h of culture. In normal embryonic kidneys,
nephron morphogenesis is not observed until E12.5, which is
24 h later than the stage at which we isolate kidneys for our
dissociation–reaggregation system. We therefore reasoned
that a sequential culture system, in which a ROCK-inhibiting
environment was provided for the first 24 h, while ureteric
bud cells re-formed bud epithelia but before nephrons would
be forming even in vivo, and a normal culture medium was
provided thereafter, might allow the formation of both
ureteric bud and nephrons.
When ROCK inhibition was maintained for only the first
24 h, the following days of culture being in plain KCM, the
cells were still protected from early death (Figure 3a–e).
Significantly, both ureteric buds and nephrons were now seen
in the cultures (Figure 3f and g; Supplementary Movie 2).
After 7 days of culture in these conditions, the pellets
contained, on average, 33 (s¼ 10) ureteric bud structures
and 24 (s¼ 14) nephrons. Counts were made from a full-
depth confocal z-stack, so there was no risk of a complex
shape, such as a ureteric bud, being double counted in the
way it might have been, if thin sections were used and a
complex bud intersected with the thin section more than
once. The quantitative variations between cultures presum-
ably arose from randomness introduced as cells aggregated
initially (coalescing, for example, into many small or a few
large ureteric bud structures). The nephrons showed
morphologies typical of the normal sequence of nephron
development in vivo, including renal vesicles (Figure 3h),
comma-shaped bodies (Figure 3i) and S-shaped bodies
(Figure 3j), and these appeared in their normal temporal
order (renal vesicles earlier than comma shaped earlier than S
shaped). In addition to showing these normal morphologies,
the nephrons displayed expression of protein markers
associated with specific zones along the proximodistal axis
such as E-cadherin (distal tubule: Cho et al.14), megalin
(proximal tubule: Nagai et al.15), and strong WT1 (glomer-
ular pole: Armstrong et al.16) (Figure 3f–p). During normal
kidney development, the distal poles of nephrons connect to
a nearby ureteric bud to make a continuous passage for urine
to travel from nephron to bladder. In the dissociation and
reaggregation culture system, nephrons connected in a
similar manner (Figure 3f and j). We saw no evidence for
either nephron–nephron or bud–bud connections; neither of
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Figure 1 | The disaggregation and reaggregation system. (a) A schematic diagram of the protocol in which kidneys were dissociated
into single cells, and 80,000 of these cells were centrifuged and cultured on a filter at the air–medium interface. (b, e) The cells in
suspension immediately after dissociation but before centrifugation. (c, d, f, and g) Confocal sections of centrifuged pellets immediately
after being placed in culture. These aggregates consist of a well-dispersed mix of epithelial cells (calbindin and E-cadherin positive)
and mesenchymal cells. Epithelial cells, but not epithelial structures, are present at the start of the culture.
Kidney International (2010) 77, 407–416 409
M Unbekandt and JA Davies: Reassociation of embryonic kidneys o r ig ina l a r t i c l e
these are ever seen in normal development and their absence
from the culture system suggests that specificity of connec-
tion is under normal control and is not occurring by random
mixing of cells.
Disaggregation–reaggregation technique allows formation of
fine-grained chimeric tissues
The main goal of this study was to develop a method for
mixing cells of different genotypes or histories to make fine-
grained chimeric renal tissues. This would be very valuable
method for testing the cell autonomy of any mutations or
knockdowns, or for assessing the potential of different types
of stem and other cells to contribute to the different renal
tissues. We therefore tested whether our culture system allows
the production of such chimeras by labeling some disag-
gregated embryonic kidney cells with CellTracker and mixing
them with an equal number of unlabeled cells before
reaggregation. The result was the formation of fine-grained
chimeras (Figure 4a and b; Supplementary Movies 3 and 4),
with most ureteric bud structures, most nephrons, and also
the mesenchymal compartment consisting of a mix of labeled
and unlabeled cells.
Use of the disaggregation–reaggregation technique to test
cells’ requirement for WT1 for following a nephron fate
To show the benefit of fine-grained chimeras formed in this
culture system, we used it to discover more about the role
of the WT1 protein in renal development. WT1 is an
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Figure 2 |Re-formation of ureteric bud epithelia. Brightfield pictures were taken every 24 h for cell pellets cultured in kidney culture
medium (CKCM) (a–e) or with H1152 (f–j). The images are presented as photographic negatives because the structures show up more
clearly when printed. When embryonic kidney cells, either dissociated mechanically (k) or using Trypsin (l) were reaggregated and cultured
for 4 days, the cells re-formed a small number of epithelial structures that expressed cytokeratin (green) and exhibited a laminin-rich
basement membrane (red). When 10 mM Y27632 (m) or 1.25mM Glycyl-H1152 dihydrochloride (n) was applied throughout 4 days of culture,
cell survival was improved and many epithelia formed. Please note that k, l and m, n are not to the same scale and cover the whole
resulting pellet after the 4 days of culture and that the same initial number of embryonic kidney cells was used. (o–r) The time course of
development of epithelial structures in the continuous presence of Y27632 after 1, 2, 3, and 4 days, respectively (see also Supplementary
Movie 1). The first epithelial structures can be observed after 1 day of culture. After 4 days of culture, numerous branching events can be
observed. Most epithelia had the appearance of ureteric bud and expressed the bud marker, calbindin-D28K (green); laminin is shown in red.
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alternatively spliced zinc-finger protein that is expressed at
low levels in metanephrogenic mesenchyme, at higher levels
in forming nephrons and at very high levels in developing
and adult podocytes.16 Complete genetic knockout of WT1
results in failure of the metanephrogenic mesenchyme to
form normally and consequent renal agenesis.17 Knockdown
of WT1 by siRNA, when the mesenchyme has already
formed, inhibits the formation of nephrons,8 suggesting that
once it has played its first role in setting up the mesenchyme
in the first place, WT1 has a subsequent role in nephron
development. It is not clear, though, from these kidney-wide
experiments, whether WT1 is needed autonomously for a cell
to be able to follow a nephrogenic fate, or whether it is
needed for a population of cells to be able to set up
conditions in which nephrons can form. These possibilities
can be discriminated by the production of chimeric renal
tissues in which marked WT1 knockdown cells are mixed
with unmarked cells with normal levels of WT1.
Before making the chimeric kidneys, we first checked that
the dissociation and reaggregation system yielded the same
response to WT1 knockdown as does the conventional
culture system used by Davies et al.,8 using the same siRNAs.
To do this, we took advantage of the single-cell suspension
stage of the new culture system to transfect cells with WT1-
targeting siRNA, or in separate suspensions with control
siRNA, before reaggregation. Control siRNA showed no effect
on formation of nephrons or on their expression of WT1
protein (Figure 5a, c, d, and f). Transfection with WT1
siRNA, however, caused a dramatic decrease of WT1 protein
expression (Figure 5b and e) and in the number of nephrons
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Figure 3 |Temporary inhibition of ROCK allows both nephron and ureteric bud epithelia to form. Brightfield pictures (again, presented
as photographic negatives) were taken every 24 h of a cell pellet cultured for 1 day with H1152 and for the following 3 days in kidney
culture medium (CKCM; a–e, see also Supplementary Movie 2). When ROCK inhibitors are applied only for the first 24 h of culture and then
removed for the following days of culture, nephrons developed and were positive for laminin (red) but free of the ureteric bud marker
calbindin-D28K (green). (f) and (g) show 4 and 7 days of culture. In these conditions, nephron formation occurred and renal vesicles (RV) (h),
comma-shaped bodies (CS) (i), and S-shaped bodies (SS) (j) could be observed. Moreover, these re-forming nephrons were able to connect
to ureteric bud structures (arrows in f and j). The renal structures re-forming from the aggregates expressed kidney markers normally:
ureteric buds expressed calbindin, E-cadherin, cytokeratin and Pax2, and showed a basal membrane (f, g and k–p). Nephrons expressed
megalin (red) in their proximal domains and E-cadherin (green) in their distal domains (m, n) and expressed Pax2 (red) in both proximal
and distal domains and Wt1 (green) strongly in their developing glomerular poles (o, p). (h, i, l, n, and p) Confocal sections.
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Figure 4 | Formation of chimeras. Disaggregated embryonic
kidney cells were labeled with CellTracker (green), and mixed in
suspension with unstained embryonic kidney cells. The cell mixes
were centrifuged and the aggregates were cultured in the
presence of Y27632. (a, b) Confocal sections; green-labeled cells
are scattered throughout the tissue, and many epithelial
structures (bounded by laminin, red) include both labeled and
unlabeled cells (see also Supplementary Movies 3 and 4).
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formed (Figure 5g). Ureteric buds, which do not express
WT1, still formed normally. Quantitative PCR showed an
85% decrease of wt1 mRNA at 2 days of culture compared to
controls. Thereafter, a progressive recovery of WT1 protein
expression was observed and after 4 days of culture WT1
expression could be detected by immunofluorescence (Figure
5h and i). At 4 days, when WT1 expression was recovering,
cap and condensing mesenchyme could be seen to express
WT1 but there were very few maturing nephrons (Figure 5i),
whereas the control siRNA-transfected cells showed comma-
and S-shaped bodies by this time (Figure 5h). The
dissociation and reaggregation system therefore yields sub-
stantially the same result as that seen in conventional culture:
metanephrogenic mesenchyme that has lost WT1 throughout
the tissue is inhibited in its ability to form nephrons.
Transfection of single-cell suspensions may be more efficient
than in whole-organ culture, in which penetration is known
to be a serious problem.6 Specifically, it may also allow both
an improved transfection by plasmids and siRNA (see
Supplementary Figure 1 for evidence of this) and more even
dispersal of transfectants through the resulting ‘tissue’
formed after reaggregation; this feature of the system may
be useful for other siRNA experiments.
Having shown that tissue-wide siRNA-mediated knock-
down of WT1 yields basically similar results—a reduction in
nephron numbers—in the dissociation and reaggregation
and the conventional culture systems, we constructed
chimeric reaggregates. Cells isolated from E11.5 kidney
rudiments, and therefore containing both ureteric bud and
mesenchymal cells, were treated with Wt1 siRNA or control
siRNA (Figure 6a–d). When labeled control cells were used,
78.5% (s¼ 14.5) of the nephrons and 68.3% (s¼ 9.8) of the
ureteric bud structures contained at least one labeled cell.
When labeled wt1 siRNA-treated cells were used, however,
only 36.6% (s¼ 7.3) of the nephrons contained a labeled cell,
a number significantly lower than in controls (Po0.001).
The rest consisted entirely of unlabeled cells. Of the ureteric
buds, 66.9% (s¼ 10.1) still included at least one labeled cell;
this is not significantly different from controls (68.3%,
s¼ 9.8, P¼ 0.83) and would not be expected to be, as
ureteric bud cells do not express WT1 so would not therefore
be expected to be affected by WT1 siRNA. The observation
that ureteric bud cells are unaffected, however, adds an
additional control to show that the WT1 siRNA functions
specifically and not by general toxicity. Labeled cells also
persisted in the stroma. The majority of the nephrons did not
contain WT1 siRNA-treated cells and in the nephrons
containing some labeled cells their relative contribution to
the nephron area was greatly reduced compared to control
cells. The average area of nephron sections occupied by
control siRNA-treated labeled cells in sections was 29%
(s¼ 34) and 8% (s¼ 22) for WT1 siRNA-treated cells, again
showing a significant (P¼ 0.0003) reduction in contribution
to nephrons by WT1 siRNA-treated cells (Figure 6e).
These results show that knockdown of WT1 in only some
cells of a mixed population is not sufficient to prevent
Wt1 Laminin
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Figure 5 |Transfection with siRNA. Freshly dissociated embryonic kidney cells were transfected with control (a, d f, and h), WT1-targeting
(b, e, g, and i) or mock (c) siRNAs before reaggregation. Cells treated with mock or control siRNA expressed WT1 (green in a, blue in c and d)
strongly in mesenchyme condensing around the ureteric bud (a, c, and d), but there was much less expression in cells treated with Wt1
siRNA (b and e) after 3 days of culture. Samples in the groups (a, b) were photographed at equal exposure and stained together in the same
tube, as were the samples in c, d, and e. (f) Cells treated with control siRNA went on to form many nephron epithelia (free of the ureteric
marker calbindin-D28K, green, but expressing laminin, red). Those treated with Wt1 siRNA (g) formed very few. Recovery of WT1 expression
was observed after 4 days of culture (i). In control siRNA-transfected cells, Wt1 expression was observed in nephrons (note the comma-
and S-shaped bodies in h) and condensing mesenchyme, whereas in Wt1 siRNA-treated cells, far fewer nephrons were visible and WT1
expression appeared mainly in mesenchyme condensing around the bud structures (i).
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nephrons being produced by control cells, but it does
significantly inhibit the ability of the WT1-deficient cells to
enter nephrons. Overall, the results show the benefit of this
culture technique for the analysis of the cell autonomy of
mutations by mixing mutant cells with wild type.
Disaggregation–reaggregation technique, using ROCK
inhibition, can also be applied to embryonic lungs
Culture of intact organ primordia has been used to study the
development of other branching organs such as lung or
prostate,18,19 and these organs too would benefit from
improved methods for transfection or formation of chimeras
or both. We therefore applied our disaggregation and
reaggregation technique to E11.5 embryonic mouse lung
cells. In the presence of Y27632, epithelia re-formed (Figure
7a–c). When cells from disaggregated lungs and kidneys were
mixed 1:1 before reaggregation, they formed chimeric
epithelia, although within each epithelial structure, the renal
and lung cells separated into different zones (Figure 7d–f).
These coarse-grained chimeras contrasted with the fine-grained
chimerism observed when kidney cells were mixed with
lung cells.
DISCUSSION
In this paper, we show that a 24 h treatment with ROCK
inhibitors allows cells from disaggregated embryonic kidneys
to form ureteric bud and nephron epithelia typical of those
formed in vivo. We also show that, during the time that they
exist as a single-cell suspension, the kidney cells can be
transfected with siRNA and that different cells can be mixed
to make a chimeric culture. Combining these techniques, we
show that cells lacking WT1 are not only incompetent at
producing nephrons (which was already known), but they are
also incompetent at cooperating with wild-type cells to
produce nephrons (which was not already known).
The promotion of cell survival through inhibition of
ROCK has been observed in human stem cells.20 ROCK
inhibition has also been shown to reduce apoptosis in
conventional embryonic kidney culture,21 which is why we
decided to try it here. Although a continuous presence of
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Figure 6 |WT1 siRNA chimeras. (a and b) Two views of the same control section, (a) with the green channel suppressed to make the
underlying anatomy clear and (b) with the green channel added. Similarly, (c) and (d) show views of the same experimental section.
In (a) and (b), green-labeled cells are control embryonic kidney cells (blue, calbindin; red, laminin; green, CellTracker) mixed with unstained
embryonic kidney cells. Most nephrons (examples indicated by the letter N in a) include green cells, visible in b. (c and d) The green-labeled
cells were transfected with Wt1 siRNA before being mixed with unstained control embryonic kidney cells. Only a minority of nephrons
(examples labeled ‘N’ in c) now include green cells (d), although green cells can still be seen in the interstitium or in ureteric bud structures.
Filled arrows in (b) and (d) show nephron sections that contain at least one green cell, and empty arrows show nephron sections devoid
of green cells in this plane of section. Graph (e) shows the distribution of the proportion of the cross-sectional area of nephron sections
that is occupied by CellTracker-labeled cells (the technique used, which involves thresholding to detect CellTracker, a dye that is prone to
dilution by cell division, will have resulted in undercounting bias in both experiments and controls, which is why the control curve peaks
lower than 50%: the important point about this graph is the difference between the two curves rather than the absolute values of their
peaks). The Wt1 siRNA treatment leads to a significant decrease of the ability of cells to contribute to nephrons. Data in (e) are from four
experimental explants and four control explants.
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ROCK inhibitors prevents nephron formation, the fortunate
coincidence that nephron formation begins after 24 h of
culture, whereas the ROCK inhibition is most needed during
the first 24 h, allows a 24 h pulse of ROCK inhibitors to
promote survival without blocking nephrogenesis and allows
this organotypic culture system to work.
Critical to the utility of this method is the question of how
similarly its development follows that seen in vivo and in
conventional whole-organ culture. The formation of ureteric
buds by reaggregation of existing ureteric bud cells is the least
realistic aspect of our system, yet it results in buds that are of
normal dimensions and that branch and allow nephrons to
fuse with them. Once formed, they are therefore apparently
normal. The ability of a ureteric bud to reconstitute itself
from disaggregated cells, even cells mixed up with other types
of kidney cell (the mesenchyme), may one day be of great
significance to regenerative medicine and the effort to build
artificial kidneys from stem cells or other cell lines. At the
time that kidneys are disaggregated, nephrons have not yet
begun to form in the mesenchyme. This means that the
nephrons seen in the cultures must have formed de novo by
the coming together and differentiation of mesenchyme cells,
which is the normal sequence of events. In normal
development, nephrons progress through stereotypical mor-
phological stages which are not found in any non-renal
organs; the fact that normal stages of early nephron
formation are seen in the culture system we describe here is
a strong argument that nephron development in this system
is really organotypic. This argument is supported by correct
expression of segment-specific markers. Nephrons also
connect normally to the ureteric bud but not to each other
although they have more chances for nephron–nephron
contact in this culture system than in normal development.
This suggests that there is some cell-type specificity to the
connection event. Later stages of nephron morphogenesis,
such as the formation of a long loop of Henle descending
into the renal medulla, are unlikely to take place in our
system, though, because there is no large-scale organ
structure to give corticomedullary polarity: we do not
therefore expect our system to be suitable for investigation
of the final processes of nephron maturation.
We envisage that the system we have described here will be
useful for a variety of experiments. Some will make use of the
improved transfection to trace marked cells, to study the effects
of specific mutations or to perform rapid siRNA-based high-
throughput screens for genes involved in specific functions. The
formation of fine-scaled chimeras will allow questions of cell
autonomy to be asked easily. It will also provide a useful system
for screening the ability of stem cells to contribute to renal
tissues when placed in an embryonic kidney context, something
that is important to regenerative medicine.
MATERIALS AND METHODS
Dissociation of embryonic organs
E11.5 mouse embryonic kidneys or lungs, the morning of the
discovery of the vaginal plug being considered as E0.5, were
dissected in MEM (M5650; Sigma). The embryonic rudiments were
then placed in 1 trypsin/EDTA (Sigma) in phosphate-buffered
Cytokeratin Laminin
CellTracker Calbindin Overlay
Cytokeratin Laminin Cytokeratin Laminin
100 μm
Figure 7 |Application to lung culture. (a–c) Freshly dissociated murine embryonic lung cells were reaggregated and cultured for 4 days
with 10 mM Y27632. As observed with embryonic kidney cells, epithelial structures re-formed (b and c are higher magnifications of a;
green, cytokeratin and red, laminin). (d–f) Confocal section of disaggregated embryonic lung cells stained with CellTracker, mixed with
unstained disaggregated kidney cells. The cells were allowed to reaggregate for 4 days in the presence of Y27632. Numerous epithelial
structures re-formed (laminin in red on the overlay f), many containing both kidney and lung (green) cells. Some epithelia showed calbindin
staining (blue), specific to the kidney cells, at one pole and CellTracker staining, specific to the lung cells, at the other pole.
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saline (PBS) (Sigma) for 4 min at 37 1C. Organs were stabilized in
KCM for 10 min at 37 1C then dissociated by trituration and filtered
through a 40mm cell strainer (BD Falcon, Oxford, UK). After
verifying that we obtained a single-cell suspension, the cells were
counted using a hemocytometer and their viability was assessed by
Trypan blue staining (92% live cells on average). The cell suspension
was divided into 500ml tubes, each containing 8 104 cells in
average.
Pellet culture
A total of 8 104 freshly dissociated cells (obtained from 5–8 kidney
rudiments) were centrifuged in a 500 ml tube at 800 g for 2 min. With
a 100 ml pipette, part of the medium was aspirated and used to push
the pellet carefully to detach it. The pellet, detached from the tube
walls, was then collected by a gentle aspiration with a glass Pasteur
pipette and placed on top of a 5 mm pore polycarbonate filter
(Millipore, Watford, UK). The pellet was cultured on the filter,
supported by a metal grid, at the air–medium interface, in a
humidified incubator at 37 1C and 5% CO2. The culture medium
used was KCM with or without 10 mmol/l Y27632 (Sigma) or
1.25mmol/l Glycyl-H1152 dihydrochloride (Tocris, Bristol, UK).
The medium was replaced by KCM after 24 h in some cultures
(see main text).
Immunostaining
Cultures were fixed for 10 min in methanol, initially at 20 1C and
allowed to warm to room temperature. For CellTracker, siGLO Red,
Actin-GFP, and DsRed experiments, the cultures were first fixed for
30 min in 4% paraformaldehyde, then washed for 30 min in PBS,
and subsequently immersed in methanol for 10 min. The fixed
cultures, attached to the filters, were placed in a bijou bottle and
washed for 1 h in PBS at room temperature before application of
600ml of the diluted primary antibodies (1:100 in PBS) overnight at
4 1C. The cultures were washed for 2 h in PBS and then 600 ml of the
diluted secondary antibodies (1:100 in PBS) were applied overnight
at 4 1C. The cultures were washed for 1 h in PBS and then mounted
for microscopy. In some cases, TO-PRO-3 iodide was subsequently
applied (1:1000 in PBS) for 10 min, to stain the nuclei, before a last
wash for 15 min in PBS and mounting. The antibodies used were
mouse anti-Calbindin (ab9481; Abcam, Cambridge, MA, USA),
rabbit anti-laminin (L9393; Sigma), mouse anti-pan cytokeratin
(C2562; Sigma), rabbit anti-megalin (a gift from Thomas Wilnow),
rabbit anti-Pax2 (PRB-276P; Covance, Princeton, NJ, USA), mouse
anti-WT1 (M3561; Dako, Glostrup, Denmark), mouse anti-E-
cadherin (610181; BD Biosciences, Oxford, UK), goat FITC anti-
mouse (F0257; Sigma), goat TRITC anti-rabbit (T5268; Sigma),
donkey Alexa Fluor 647 anti-mouse (A31571; Invitrogen, Paisley,
UK), goat TRITC anti-mouse (T5393; Sigma), TO-PRO-3 iodide
(T3605; Invitrogen). Immunsostained samples were examined on
either a Zeiss Axiovert immunofluorescence microscope, a Leica
TCS NT confocal microscope or a Zeiss (Welwyn Garden City, UK)
LSM510 CLSM confocal microscope (the same type of microscope
being used within a given experiment).
CellTracker labeling and chimeras
Freshly dissociated embryonic kidney cells (or freshly dissociated
embryonic lung cells or siRNA-transfected embryonic kidney cells)
were placed in a solution of 4 mmol/l CellTracker (Molecular Probes,
Invitrogen) in MEM for 45 min at 37 1C, 100% humidity and 5%
CO2. The cells were then washed 3 with KCM by successive
centrifugations at 1000 r.p.m. for 3 min. The CellTracker-stained
cells were then mixed 1:1 with unstained embryonic kidney cells in
500 ml tubes before centrifugation at 3000 r.p.m. for 2 min and
culture of the resulting pellets.
Plasmid transfections
A total of 8 104 freshly isolated embryonic kidney cells were
suspended in 100ml and were transfected in suspension for 2 h with
a commercial Actin-GFP-expressing plasmid (Clontech, Mountain
View, CA, USA) or a DsRed Plasmid (a gift from Sally Burn) with
0.4–0.6mg of plasmid using Lipofectamine 2000 (Invitrogen),
following the manufacturer’s recommendations. Cells were then
centrifuged and cultured as previously described for 3 days in
Advanced DMEM (Sigma)þ 10% FCSþ 1.25 mmol/l H1152 (no
antibiotics were added).
siRNA transfections
Freshly isolated embryonic kidney cells were suspended in 100ml
and were transfected for 2 h with WT1 or control siRNA (sequences
as in Davies et al.8), at 100 nmol/l using Lipofectamine 2000
(Invitrogen) or siPORT (Ambion, Austin, TX, USA), following
manufacturers’ recommendations. For fluorescent siRNA experi-
ments, cells were transfected the same way at 50 nmol/l with siGLO
Red (Dharmacon, Chicago, IL, USA). Pellets were then cultured in
Advanced DMEM (Sigma)þ 10% FCSþ 1.25mmol/l H1152 or
20 mmol/l Y27632 (no antibiotics were added) for 2, 3, or 4 days.
In some cases the culture medium was replaced by KCM after 24 h of
culture.
Time-lapse movies and brightlight pictures
Embryonic kidney cells pellets were cultured on 0.4 mm pore inserts
(Corning, Amsterdam, Netherlands) in six-well plates (Corning) in
plain KCM or with the addition of 10 mmol/l Y27632 or 1.25mmol/l
H1152 and pictures were taken every day. For time-lapse experi-
ments, after 1 day, cultures had attached to the filters and the
first epithelial structures were visible enough for the microscope
to be focused accurately. From that time, the culture medium
was either left or changed to KCM and pictures were taken every
hour for, respectively, 3 or 4 days using a time-lapse microscope
equipped with an incubation chamber at 37 1C, 100% humidity,
and 5% CO2.
Quantitative PCR
Cultures were removed from their growth filters by gentle scraping
with a needle. Total mRNA was isolated using an SV Total RNA
Isolation kit (Promega, Southampton, UK) following manufac-
turer’s instructions. The isolated mRNA was reverse transcribed and
quantified with an ABI HT 7900 quantitative PCR machine using
Roche (Burgess Hill, UK) TaqMan Fast Start þRox kit following
manufacturer’s instructions. The sequences of the primers used are
the following: b-actin forward, AAGGCCAACCGTGAAAAGAT;
b-actin reverse, GTGGTACGACCAGAGGCATAC; WT-1 forward,
ACGCCCTACAGCAGTGACAATT; WT-1 reverse, GCTCCTAGGTT
CATCTGATTCCA.
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SUPPLEMENTARY MATERIAL
Movie S1: Time-lapse movie of re-aggregated embryonic kidney cells
cultured with 10 micromolar Y27632.
Movie S2: Time-lapse movies of re-aggregated embryonic kidney
cells cultured for 1 day in 1.25 micromolar H1152 then for 4 days
in CKCM.
Movie S3 and S4: Mixtures of CellTracker-stained and unstained
embryonic kidney cells (in a 1:1 ratio) re-aggregated and cultured
for 4 days with 10 micromolars of Y27632.
Figure S1: Transfection of cells before reaggregation.
Supplementary material is linked to the online version of the paper at
http://www.nature.com/ki
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